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Nondestruct ive Neutron- Ac t i v a t i o n  Analysis  of 

Small P a r t i c l e s  

W. A, Cassidy 

Lamont Geological  Observatory 

of Columbia U n i v e r s i t y  

I n t r  oduc &ion  

An i n t e n s i v e  program f o r  t h e  c o l l e c t i o n  of  a l a r g e  

number of n a t u r a l  magnetic s p h e r u l e s  has been i n  p r o g r e s s  

a t  Lamont Geological  Observatory f o r  about  two yea r s ,  

The c o l l e c t i o n  now c o n s i s t s  of  over one thousand s p h e r u l e s  

vary ing  i n  s ize  from 5 0 - 6 5 0 ~  i n  diameter.  The source  of 

s p h e r u l e s  has been t tf low-inlt  samples from Lamont's ocean- 

bottom core  l i b r a r y .  Flow-in m a t e r i a l  i s  t h a t  s e c t i o n  o f  t h e  

co re  t h a t  has  flowed i n t o  t h e  sampler a f t e r  it has s topped 

i t s  descent ,  A f t e r  being d r i v e n  i n t o  t h e  ocean f l o o r  

a s  f a r  a s  it w i l l  go, the  sampler i s  e x t r a c t e d  by a c a b l e  

a t t a c h e d  to  a p i s t o n  i n s i d e  t h e  core  tube.  A t  t h e  moment 

t h e  co re  tube  stops it.s descen t  t h e  p i s t o n  i s  a t  t h e  

sediment-water i n t e r f a c e ,  

of  t h e  core  tube  be fo re  it can p u i l  t h e  tube f ree  of  t h e  

It must be p u l l e d  t o  t h e  t o p  

ocean f l o o r ,  and i n  r i s i n g  up t h e  tube it draws t h e  whole core  

sample a f t e r  it. The d i s tu rbed  m a t e r i a l  sucked i n t o  t h e  

bottom of  t h e  core  tube  dur ing  t h i s  p rocess  i s  t h e  f low-in 

mud. This  mud has t h e  g r e a t  advantage t h a t  it i s  known t o  



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 

-2- 

come from w e l l  below t h e  modern ocean f l o o r  and, except  

f o r  t h e  small  chance o f  contamination by sphe ru le s  c a r r i e d  d 

down by t h e  co r ing  tube,  can be assumed t o  be f ree  of modern 

t echno log ica l  contamination. 

f low-in sample a r e  assumed t o  be n a t u r a l  i n  o r ig in .  

sphe ru le s  considered in t h i s  paper  a r e  of four  types:  

(1) undoubted n a t u r a l  spherules ,  (2)  sphe ru le s  of unknown 

o r i g i n  c o l l e c t e d  in plankton net$;, (3 )  

smoke and soo t ,  and (4)  welding beads, A l l  except  three 

o r  f o u r  i n d i v i d u a l s  a r e  magnetic. 

a r e  undoubted n a t u r a l  spheru les  c o l l e c t e d  over a pe r iod  o f  

y e a r s  by D. Ericson, of Lamont Geological  Observatory,  while  

making micropaleontological  s t u d i e s  on ocean cores .  Fig. 1 

shows a group of undoubted n a t u r a l  sphe ru le s  c o l l e c t e d  f rom 

f low-in samples der ived  from well below the  modern ocean 

f l o o r ,  

c o l l e c t e d  a t  t h e  ocean sur face  i n  plankton ne ts .  Fig.  3 

shows a group of  spheru les  found in s o o t  from t h e  smoke- 

s t a c k  of t h e  Lamont Geological  Observa tory ts  r e s e a r c h  

v e s s s l ,  VEMA. 

up w i t h  d maynez in the L a n o r t  Geoiogicai  3Gservdtory welding 

Any sphe ru le s  found i n  t h i s  

The 

spheru les  from 

The nonmagnetic ones 

Fig.  2 shows a group of sphe ru le s  of unknown o r i g i n  

Fig. 4 shows a gzcrup of weid5-.ng bsads picked 

sku& 

The work r epor t ed  here d e s c r i b e s  procedures  and 

resu l t s  i n  t h e  n o n d e s t r u c t i w  neu t ron -ac t iva t ion  a n a l y s i s  

of t h e  fou r  types  of p a r t i c l e s  l i s t e d  above. 
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The Problem 

Because of t h e  product ion o f  v a s t  q u a n t i t i t e s  of 

microscopic  sphe ru le s  i n  i n d u s t r i a l  and t echno log ica l  processes, .  

it i s  important  t o  be able t o  t e l l  t h e  d i f f e r e n c e  between ..:*. 

n a t u r a l  sphe ru le s  and a r t i f i c i a l  spheru les ,  

cases ,  contemporary c o l l e c t i o n s  of  microscopic  sphe ru le s  

can be contaminated by a r t i f i c i a l  products ,  and d a t a  based 

on t h e s e  c o l l e c t i o n s  w i l l  be misleading.  It i s  d e s i r e d ,  t h e r e -  

f o r e ,  t o  t r y  t o  e s t a b l i s h  a method by which a microscopic  : * 

spheru le  i s  known t o  be a r t i f i c i a l  o r  n a t u r a l  i n  o r ig in .  

The method must be nondestruct ive i f  f u r t h e r  d a t a  a r e  r equ i r ed  

from those  sphe ru le s  t h a t  prove t o  be n a t u r a l ,  

problem considered.  then, was whether nondes t ruc t ive  neutron-  

a c t i v a t i o n  a n a l y s i s  could be used t o  e s t a b l i s h  c r i t e r i a  f o r  

In many 

The f i r s t  

t h e  n a t u r a l  o r  a r t i f i c l a l  o r i q i n  of a s i v e n  microscoDic sDherult 

When t h e  n a t u r a l  o r i g i n  of a spheru le  has been e s t a h l i s h e . ,  

it w i l l  be of g r e a t  i n t e r e s t  t o  g e t  m e t a f l o g r a p h l c ,  

pe t rographic ,  and chemical d a t a  on i t s  composition, If t h e r e  

a r e  any nondes t ruc t ive  methods o f  ob ta in ing  t h i s  information,  

t hey  should be used f i r s t ,  Therefore .  t h e  second Droblem 

considered was whether u se fu l  co_moositional da t a  could bg 

obtained by nondes t ruc t ive  neu t ron -ac t iva t ion  a n a l y s i s  of 

n a t u r a l  SDherules, 
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Exper iment  a 1  Procedure s 

F a c i l i t i e s  of t h e  I n d u s t x i z i  Reactor Labora to r i e s ,  

i?lainsboro, New Jpzsey, were used f o r  t h i s  work, The 

r e a c t o r  i s  a swimming-pool types with  quick access  t o  t h e  

core  by means 02 beam tubes,  v e r t i c a l  tubes, pneumatic 

tubes ,  and thermal column, Maximum a v a i l a b l e  neutron- f l u x  

d e n s i t y  i s  around 1014 n/cm2/sec i n  t h e  core ,  

pneumatic tube facij.!.tyt which was used almost e x c l u s i v e l y  i n  

t h i s  study, provides  a maximum f l u x  of  1013 thermal  n/cm*/sec 

and 2 x lo1* f a s t  n/crn2/sec. 

The 

The spheru le  t o  be i r r a d i a t e d  was f i r s t  i n s e r t e d  

i n t o  a g e l a t i n  capsule ,  The capsule  w a s  then  mounted 

i n s i d e  a 1 x 7.5 cm p l y e t h y l e n e  tube,  which w a s  mounted 

i n s i d e  a polyethylene pneumatic-tube messenger capsule ,  

c a l l e d  a r a b b i t ,  

To c a r r y  ou t  t h e  i r r a d i a t i o n  t h e  r a b b i t  was i n s e r t e d  

i n t o  t h e  pneumatic t u b e  a t  t h e  o u t s i d e  f a c e  of  t h e  swimming 

pool. 

core  f o r  a 10-second o r  30-second I n t e r v a l ,  t hen  r e t u r n e d  t o  

t h e  r e a c t o r  f a c e ,  The r a d i a t i o n  l e v e l  of t h e  r a b b i t  was 

checked by a hea l th-phys ics  emplcyee a s  shown i n  Fig. 5, 

and i f  found t o  be safe t h e  rabbi*;- was opened a s  shown 

i n  F i g ,  6, The g e l z ~ t i n  capsule  ccn ta in ing  t h e  spheru le  was 

removed and c a r r i e d  t o  t he  low-level  count ing room. There, 

It was c a r r i e d  t o  a p o s i t i o n  nex t  t o  t h e  r e a c t o r  
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us ing  a b inocu la r  nicroscope,  t h e  spher1iJ.e was t r a n s f e r r e d  

t o  an u n i r r a d i a t e d  g e l a t i n  capsGle a s  S ~ O W A  i n  Fig. 7. It 

w a s  t hen  r eady  t o  count ,  

i r r a d i a t i o n  t o  beginning of count ing  took  from f o u r  t o  e i g h t  

minutes,  s o  i n  most ca ses  it was p o s s i b l e  t o  s t u d y  t h e  decay 

of  A12* 

nuc l ides  w i t h  longer  h a l f - l i v e s ,  The r e a c t i o n s  found t o  

be impor tan t  i n  t h i s  s tudy  a r e  shown i n  Table I, 

The whole procedure from t h e  end of 

w i t h  a 2.4 minute h a l f - l i f e ,  a s  w e l l  a s  u n s t a b l e  

Examination of Table I d i s c l o s e s  some of t h e  problems 

encountered in t h i s  type cf s tudy ,  

can produce t h e  same daughter,  A1*8#  i f  t h e  neutron f l u x  

has  a wide energy spectrum, There are t w o  ways t o  avoid 

t h i s  d i f f i c u l t y ,  

This  

+w&kr gamma-radiation nf d i f f e r e n t  e n e r g i e s ,  

t h e  major peak from Mg27 i s  c o i n c i d e n t  w i t h  t h e  major peak 

from Mn56, and t h e  r e a c t i o n  Mg*6(n,x)Mg*7 a l s o  i n t e r f e r e s .  

The o t h e r  way aroui-id t h e  d i f f i c u l t y  is t o  s c r e e n  o u t  t h e  

thermal  neut ron  r a d i a t i o n  f r o m  t h e  core  by surrounding t h e  

sample w i t h  Cd metal ,  0,O3Ou of which w i l l  c u t  t h e  thermal  

f l u x  by about  lo3, 

one w i t h  0,060” of Cd sh ie ld ing ,  t o  c u t  t h e  thermal-neutron 

f l u x  by 106, and ane with no sh ie ld ing .  

on ly  t h e  Si28( n,p)A12* r e a c t i o n ,  while  t h e  second a l lows  

F o r  example, A127 and Si28 

One i s  by using t h e  second A127 r e a c t i o n ,  

roduces M&Z7 which decays w i t h  a d i f f e r e n t  tg and 
em; P s 

Unfor tuna te ly  

Two i r r a d i a t i o n s  a r e  then  necessary:  

The f i r s t  a l lows  
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both. Af t e r  c a l i b r a t l m  a g z i n s t  s t anda rds  of known 

composition, t h e  amoLnt of S i28  becomes known and i s  used 

t o  c a l c u l a t e  t h e  amodnt of A127 by d i s c m n t i n g  an 

appropr i a t e  f r a c t i o n  of t he  unshie lded  A128 peak. 

The R I D L  400-channel ana lyse r  used i n  t h i s  work was 

equipped wi th  a typewri te r  p r i n t - o u t ,  The d a t a  were recorded 

us ing  one hundred channels du r ing  a one-minute count ing  

per iod.  P r i n t i n g - o u t  took one minute and twenty-two 

seconds, s o  a new one-minute count  was begun every  two 

minutes and twenty-two seconds, Accumulation of one-minute 

counts  du r ing  t h e  f i r s t  twanty t o  t h i r t y  minutes a f t e r  i r r a d i a t  

can show t h e  decay of sho r t - l i ved  daughter neuc l ides  such a s  

Al28, i f  p re sen t ,  and m y  cillow i d e n t i f i c a t i o n  by means of  

t h e i r  h a l f - l i v e s .  

R e s u l t s  

F igures  8 through 78 a r e  a conpilztion of r e s u l t s  i n  

t h e  f o r m  o f  a ca ta logue  o f  shperu le  c?ec t r a  and a s s o c i a t e d  

decay curves,  A l l  spheru les  were i r r a d i a t e d  i n  t h e  r a b b i t  tube 

f a c i l i t y  f u r  t e n  o r  t h i r t y  seconds, then  counted p e r i o d i c a l l y  

dur ing  decay of induced r a d i a t i c n ,  In m o s t  ca ses  on ly  one 

spectrum, o u t  o f  t h e  many recorded,  i s  given f o r  each 

specimen. 

t u re s  by means o f  which it i s  hoped t o  a s s ign  t h e  specimen 

This  spectrum 1s t h a t  one t h a t  b e s t  shows t h e  f ea -  

t o  t h e  n a t u r a l  o r  a r t i f i c i a l  ca t egor i e s .  E igh t  s p e c t r a  

a r e  given of one gr--cn, t r a n s p a r e n t  n a t u r a l  sphe ru le ,  
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F i g ,  9 iqatural  spheru le  NS 1. Vary shiny, black,  non- 

magnetic sphe ru le  IYQptd iam.  from Lamont core A 167-1. 

30 rjgc i r r a d * n ,  one-minule count ,  At = 5m 20s, 

No identifiable peaks. Very low count indicates 

spherule is hollow, 
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Fig. 10 Natura l  spherule  NS 2. Black magnetic 

sphe ru le  100pdiam.  from Larnont co re  V 16-30. 10-sec 

i r r a d i a t i o n ,  one-minute count. ht=5m20s. No i d e n t i f i a b l e  

peaks w i t h  p o s s i b l e  except ion of 0.84 Mev Mn56 at chanael.'28. 
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Fig. 11 Natural spherule NS 3. Black, magnetic spherule 

150pdiam. from Lamont core V 16-30. 30 sec. irradiation, 

one-minute count. ,t=4m53se Peaks a t  0.52 Mev channel 

17 (annihilation); 0.84 haev channel 30 (Mn56); 144 MeV 

channel 49 (@*); 1.78 Mev channel 61 (A128 or h56). 

NS 3 decay curve, Mn56 Fig ,  12 

Fig. 13 NS 3 decay curve, @2 

Fig.  14 NS 3 decay curve, A128 
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Fig ,  15 Naturhl  spherule NS 4. Shiny, black, rod- 

shaped magnetic p a r t i c l e  lOOx500+ from Larnont core  

V 16-30, 30 sec i r r a d i a t i o n ,  one-minute count. ,t=5m40s 

peaks a t  0.84 Mev channel 29 (Mn56); 1.8 Mev channel  61 

( A12*, Mn56), 

Fig, 16 NS 4 decay curve,  Mn56 

F i g ,  17 NS 4 decay curve,  A12*(?) 
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Fig, 18 Natural spherule NS 5 ,  Shiny, black, 

magnetic spherule, 200,~ diam, with t a i l  16Ofilong, 

i rrad ia t ion ,  one-minute count. dt=8m25s. Peaks a t  0.84 MeV 

channel 29 1,8 Mev channel 60 ( A12*, , 

10 sec 

Fig. 19 NS 5 decay curve, Mn56 

Fig. 20 NS 5 decay curve, prob. Mn56 
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Fig, 21 Natura l  spherule  NS 6, Shiny, black,  magnetic 

spherule 650 diam. from Larnont core  V 16-79. 10 sec 

i r r a d i a t i o n ,  one-minute count. ot=6rn31s. Peaks a t  0,84 

Mev channel 28 ( M ~ I ~ ~ ) ;  1,8 Mev channel 60 ( M ~ A ~ ~ ) ;  2.1 Mev 

channel 69 (Mn56); 2.6 Mev channel 89 (hIn56), 
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Fig, 22 Natural spherule  NS 7, Shiny, black,  magnetic, 

hollow, ha l f - sphe ru le  24Opdiarn., from Larnont core 

V 16-79, 30 sec i r s a d f a t i o n ,  one-minute count ,  &t=4m43se 

I d e n t i f i a b l e  peaks a t  0.84 channel  29 (Mn56); 1.8 Mev 

channel  62 (A12*# Mn56), 

Fig, 23 NS 7 decay curve,  Mn56 
Fig. 24 NS 7 decay curve, not i d e n t i f i e d ,  
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F i g ,  25 Natural spheru le  NS 8. Black, sh iny ,  

magnetic ha l f - sphe ru le  450pdiam. from Lamont core 

V 16-79, 30 s e c  i r r a d i a t i o n ,  three-minute count. 4t=4m40s. 

I d e n t i f i a b l e  peaks a r e  0.84 Mev channel 29 (Mn56); 1,8 

Mev channel 62 (A12*, Mn56); 2.1 Mev channel 72 (Mn56); 

2.65 Mev channel 93 (Mn56), 

Fig, 26 NS 8 decay curve,  Mn56 
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Fig ,  27 Natura l  spherule  NS 9. Green, Transparent ,  

non-magnetic sphe ru le  conta in ing  dark  i n c l u s i o n s  and charged 

w i t h  bubbles,  

30 s e c  i r r a d i a t i o n ,  one-minute count ,  4t=6m45s. I d e n t i f i a b l e  

peak a t  1.8 Mev channel 60 ( A 1 2 8 ) ,  

F ig ,  28 Same, nt=9m7s 

Fig. 29 Same, w i th  i d e n t i f i a b l e  peaks a t  0.84 Mev 

300fiin diam, from Lamont core A 153-156, 

channel  28 (Mn56); 1.37 Mev channel  47 (Na24); 1.8 Mev 

channel  59 ( A12*) , ,,t=llm29s , 
Figs .  30 and 31 

F igs ,  32,33 and 34 

Same, At=13m51s and 16m13s 

Same, b u t  2.4 minute A12* peak has  

d isappeared ,  

prominent t h a n  2.6-hour Mn56 at=105m283m, and 417m, 

10-minute, and 10-minute counts ,  r e s p e c t i v e l y ,  

Fif  teen-hour Na24 g r a d u a l l y  becomes more 

5-minute, 

F ig ,  35 

Fig,  36 

NS 9 decay curve,  Mn56 

NS 9 decay curve, A12* 
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F i g ,  37 A r t i f i c i a l  sphe ru le  WB 1. Brassy magnetic 

welding bead 4 4 O p d i a m ,  

count.  At=5mlls. I d e n t i f i a b l e  peaks a t  0.84 Mev channel 29 

( h ~ ~ ~ ) ;  1.4 Mev channel 49 (? )  and 1.8 Mev channel  61 (?). 

30 sec i r r a d i a t i o n ,  one-minute 

Fig. 38 WB 1 decay curve,  kIn56 

Fig. 39 WB 1 decay curve, u n i d e n t i f i e d  nuc l ide  

F i g ,  40 WB 1 decay curve, u n i d e n t i f i e d  n u c l i d e  



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 

.... ... . 

I 

/ /  

I 

I 

. .  8 -  

! '  . . '  ~. 

. .  
: I  . .  

1 .  

... -, ... 

. -  

I 

I 
L 





z <  



I 
I 
1 
1 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
1 
I 
I 
I 

-17- 

Fig, 41 A r t i f i c i a l  sphe ru le  WB 2, Very shiny,  magnetic 

welding bead 300 J~ diameter. 10 sec i r r a d i a t i o n ,  one- 

minute count ,  ,t approximately 9 minutes,  I d e n t i f i a b l e  

peak a t  0.84 Mev channel 29 Uniden t i f i ed  peaks a t  

0.37 Mev channel  11 and 1.8 Mev channel 62, 

Fig. 42 

Fig ,  43 WB 2 decay curve,  0.37 Mev 

Fig, 44 WB 2 decay curve,  1.8 Mev 

WB 2 decay curve,  Mn56 
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Fig, 45 A r t i f i c i a l  spherule WB 3,  Shiny, magnetic 

welding bead 600pdiam., 30 sec irradiat ion,  one-minute count, 

nt=4rn18s, Ident i f iab le  peaks a t  0.84 Mev channel 29 

(MnS6); 1.43 M e V  channel 50 (@2)i 
1.8 Mev channel 62, 

Unident i f ied  peak a t  

Fig,  46 WB 3 decay curve, Mn56 

Fig. 47 WB 3 decay curve, I@* 

Fig,  48  WB 3 decay curve, 1.8 M e V ,  
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I 
I 

Fig. 49 A r t i f i c i a l  sphe ru le  WB 4. Shiny, magnetic 

welding bead 220pdiam., 30-sec i r r a d i a t i o n ,  one-minute 

count. at=9m14s. Only t h r e e  spectra were taken,  so 

decay curves  n o t  ca lcu la ted .  

channel  30 (Mn56). 

I d e n t i f i a b l e  peak i s  0.84 Mev 
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Fig.  50 Spherule of unknown o r i g i n  PN 1 c o l l e c t e d  i n  

plankton n e t  a t  ocean stmface. 

30 sec i rrad ia t ion ,  one-minute count. t=5m33s0 I d e n t i f i a b l e  

peaks a t  0.84 Mev channel 29 (Mn5"); 1.4 Mev channel 49 

Black, magnetic, 250Adiam. 

(v52) 
Fig.  51 PN 1 decay curve, 

Fig .  52 PN 1 decay curve, 
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Fig, 53 Spherule  of unknown o r i g i n  PN 2 c o l l e c t e d  i n  

p lankton  n e t  a t  ocean su r face ,  

10 sec i r r a d i a t i o n ,  one-minute count,  At=4m23s, I d e n t i f i a b l e  

peaks a t  0.84 M e V  channel 29 ( M ~ I ~ ~ ) ;  1.8 Mev channel 61 

(A128), 

Black, magnetic, 3 0 0 ~ d i a m .  

Un iden t i f i ed  peak a t  0.37 Mev channel  10. 

Fig, 54 PN 2 decay curve, Mn56 

Fig. 55 PN 2 decay curve, A12* 

Fig,  56 Pn 2 decay curve,  0.37 Mev peak 
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Fig ,  57 Spherule of unknown o r i g i n  PN 3 c o l l e c t e d  i n  

plankton n e t  a t  ocean surface. 

30 sec i rrad ia t ion ,  one-minute count. dt=4m49s0 I d e n t i f i a b l e  

peaks are a t  0.84 Mev channel 29 (MnS6) and 1.8 M e V  

channel 61 ( A l * * ) ,  

un ident i f i ed ,  

Black, magnetic, 400pdiam. 

The peak a t  0,37 Mev channel 11 i s  

Fig. 58 PN 3 decay curve, Mn56 

Fig, 59 PN 3 decay curve, A1** 

Fig,  60 PN 3 decay curve, 0.37 Mev peak 
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Fig,  61 Spherule  of unknown origin PN 4 c o l l e c t e d  i n  

p lankton  n e t  a t  ocean sur face ,  Black, magnetic sphe ru le  

3 0 0 p d i a m .  10 sec i r r a d i a t i o n ,  one-minute count,  Q t=6m30s, 

I d e n t i f i a b l e  peaks a t  0.84 Mev channel 29 (Mn56); 1.4 M e V  

channel  49 (V5*), 

Al2*. 

The 1.8 Mev channel 61 peak may be 

The 0.37 Mev channel 10 peak is u n i d e n t i f i e d .  

Fig. 62 

Fig.  63 

Fig.  64 PM 4 decay curve,  0.37 Mev peak 

PN 4 decay curve,  @* 
PN 4 decay curve,  A128(?) 
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Fig.  65 Spherule  of  unknown o r i g i n  PN 5 c o l l e c t e d  i n  

p lankton  n e t  a t  ocean sur face ,  Shiny, b lack ,  magnetic 

sphe ru le  40Obdiarn, 30 s e c  i r r a d i a t i o n ,  one-minute count ,  

.t; approximately 6m5s, I n d e t i f i a b l e  peaks are a t  0.84 Mev A 
channel  29 (Mn56); 1.4 Mev channel 49 (V52); 1,8 Mev channel  

60 (A128). The peak a t  0,35 Mev channel 11 i s  u n i d e n t i f i e d ,  

F i g ,  66 PN 5 decay curve, Mn56 

Fig, 67 PN 5 decay curve,  *2 

Fig. 68 PN 5 decay curve,  A128 

F i g ,  69 PN 5 decay curve,  0,35 Mev peak 
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Fig ,  70 Spherule  of unknown o r i g i n  PN 6 c o l l e c t e d  i n  

p l ank ton  n e t  a t  ocean sur face ,  

360,~diarn. 

t=4m58s, 

Black, sh iny  magnetic spheru le ,  

10 sec i r r a d i a t i o n ,  one-minute count .  

I d e n t i f i a b l e  peaks a r e  0,84 Mev channel  29 (Mn56) b 
and 1,8 Mev channel 62 ( M ~ I ~ ~ ) ,  p l u s  two o t h e r  minor Mn 56 

peaks,  

i t s  presence  would be hard t o  e x p l a i n  i n  t h e  absence of 

A12* a t  1.8 M e V ,  

Fig, 71 

F i g ,  72 

The peak a t  1,30 Mev channel 44 may be Si2', a l though 

PN 6 decay curve,  Mn56 

PN 6 decay curve,  Si29(?)  
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Fig,  73 Spherule  of unknown o r i g i n  PN 7 c o l l e c t e d  i n  

p lankton  n e t  a t  oceafi  surf  ace, Black, magnetic sphe ru le  

3 5 0 y d i a m .  

dt=4m26s0 

30 sec i r r a d i a t i o n ,  one-minute count ,  

I d e n t i f i a b l e  peaks a r e  a t  0.84 MeV channel  29 

and 1.4 Mev channel 48 (V5*). 

PN 7 decay curve,  Mn56 

PN 7 decay curve,  V5* 

F ig ,  74 

Fig. 75 
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Fig. 76 Spherule  of unknown o r i g i n  BT 1 c o l l e c t e d  from 

t h e  modern ocean floor with a Lamont b io t r awl ,  

shiny,  magnetic o b l a t e  spheroid 100,~ diam, 30 sec i r r a d i a t i o n ,  

one-minute count,  at=7mls. I d e n t i f i a b l e  peak i s  a t  0.84 M e V  

channel  29 (h4n56). Two few s p e c t r a  were taken  t o  w a r r a n t  

p l o t t i n g  t h e  decay curve of such a r e l a t i v e l y  long- l ived  

nuc l ide .  

Br igh t ,  
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Fig,  77 Spherule  of unknown o r i g i n  BT 2 c o l l e c t e d  on 

t h e  modern ocean floor with a Lamont b i o t r a w l .  Shiny, 

b lack  magnetic spherule  looA4 diam, 

-one-minute  count,  ,t=5m2s0 I d e n t i f i a b l e  peak is a t  

0.84 Mev channel 29 

30 sec  i r r a d i a t i o n ,  

Fig,  78 BT 2 decay curve,  
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Summary and Conclusions 

A l a r g e  ma jo r i ty  of the n a t u r a l  sphe ru le s  gave a 

very  simple energy spectrum i n  which t h e  only i d e n t i f i a b l e  

peaks were those  of hh56, presumably from the r e a c t i o n  

Fe56(n,p) 

magnetic ha l f - spheru le  450,~ i n  diameter  recovered from 

f low-in muds in Lamont core V 16-79,(See fig, 25)  

a three-minute  count,  made i n  o rde r  t o  show b e t t e r  t h e  

minor peaks, which wi th  the  normal one-minute count  would be 

less  obvious. 

end of i r r a d i a t i o n  (4t)=4m40s t o  7m40s. 

channels  29, 62, 72, and 93. These correspond t o  gamma 

ene rg ie s  of 0.85, 1.80, 2.1, and 2.65, r e s p e c t i v e l y .  These 

peaks a r e  t h e  normal ones produced by decay of  Mn56(3), so 

the  sample can be s a i d  t o  c o n s i s t  p r i n c i p a l l y  of iron ( o r  

iron oxide,  s i n c e  oxygen is n o t  d e t e c t a b l e  w i t h  t h e s e  

procedures)  

An example of t h i s  i s  t h e  spectrum of a 

This  is 

The count  was made dur ing  a per iod  a f t e r  t h e  

Peaks a r e  seen a t  

Fig,  26 shows t h e  decay of t h e  major peak of  MA^^, 
seen a t  channel  29 i n  Fig, 25. 

he igh t s ,  i n  counts/minute, c o r r e c t e d  f o r  background and 

block time, and p l o t t e d  a t  t h e  midpoints  of  a s e r i e s  of 

one-minute counts.  

midpoint  of the three-minute count  shown in Fig. 8, and one- 

t h i r d  t o t a l  peak h e i g h t  has been p l o t t e d  f o r  t h i s  count  i n  

P l o t t e d  p o i n t s  r e p r e s e n t  peak 

The f i rs t  p o i n t  is p l o t t e d  a t  t h e  
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orde r  t o  be comparable. 

time of t h e  end of i r r a d i a t i o n  ( t o )  of 66,000 counts/minute, 

and t h e  s lope  of t h e  curve, i f  e x t r a p o l a t e d  t o  33,000 

c o u n t s h i n u t e ,  g i v e s  a measured h a l f - l i f e  ( t $  q u i t e  c l o s e  

t o  t h e  known t& of  2.6 hrs.  f o r  More p o i n t s ,  over 

a g r e a t e r  time, would be necessa ry  be fo re  us ing  t h e  d a t a  i n  

a s t r i c t  q u a n t i t a t i v e  sense, however. 

The curve shows an a c t i v i t y  a t  t h e  

A more i n t e r e s t i n g  n a t u r a l  spheru le ,  i n  many r e s p e c t s  

i s  a t r a n s p a r e n t ,  green, appa ren t ly  g l o s s y  sphe ru le  3 0 0 ~  i n  

diameter.  This  nonmagnetic spheru le ,  c o l l e c t e d  by Do Ericson  

from Lamont co re  A 153-156, i s  h igh ly  charged w i t h  bubbles  

and c o n t a i n s  dark  i n c l u s i o n s ,  

u s u a l  t h i r ty - second  i r r a d i a t i o n  i n  t h e  r a b b i t - t u b e  f a c i l i t y  

and was counted p e r i o d i c a l l y  f o r  one t o  t e n  minute i n t e r v a l s  

du r ing  a f ive-hour  pe r iod  a f t e r  i r r a d i a t i o n .  F igu res  27-34 

show energy s p e c t r a  obtained du r ing  decay of  t h e  induced 

r a d i a t i o n  i n  t h i s  specimen. 

spectrum dur ing  t h e  i n t e r v a l  At=6m15sec - 7m15sec. 

prominent peak, a t  channel 60, i s  t h e  1.73 Mev peak of A128e 

This  specimen r ece ived  t h e  

F igure  27 shows t h e  gamma-decay 

The 

F igu res  28 tkiough 30 show t h e  f u r t h e r  p rogres s ive  decay 

of t h e  A12* peak wi th  a 2.4 minute h a l f - l i f e  ( n o t e  t h a t  t h e  

s c a l e  is n o t  t h e  same f o r  each f i g u r e )  and t h e  emergence 

f r o m  t h e  background o f  t w o  peaks a t  channels  28-29 and 

47-48. These have ene rg ie s  of 0.85 and 1.35 M e V ,  r e s p e c t i v e l y ,  

and a re  t h e  major peaks of 2.6 hour and 15 hour Na24. 
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Figures  32-34 show t h e  f a s t e r  decay of Mn56 r e l a t i v e  t o  t h e  

longe r - l i ved  Na24. 

4 

a t  ,t=288 minutes and 422 minutes,  r e s p e c t i v e l y .  

Figure 32 i s  a f ive-minute  count  a t  

t=107.5 minutes;  Figures  33 and 34 a r e  ten-minute counts  

A r e f r a c t i v e  index de termina t ion  on t h i s  sphe ru le  was 

very d i f f i c u l t  because it was s o  h igh ly  charged w i t h  bubbles ,  

b u t  a t e n t a t i v e  value of  1.486 was determined. O'Keefe ( 4 )  

has po in t ed  o u t  t h a t  if t h i s  is t h e  t r u e  va lue  t h e  s p h e r u l e  

c o n t a i n s  s u b s t a n t i a l l y  more S i 0 2  than  a normal igneous rock,  

b u t  is w i t h i n  t h e  range  of t h e  most s i l i c e o u s  t e k t i t e s .  

i n v e s t i g a t e  t h e  Si02 conten t  o f  t h e  spheru le  f u r t h e r  i t s  

spectrum and decay h i s t o r y  can be compared wi th  t h o s e  of 

two o t h e r  samples whose compositions a r e  shown i n  Table  11. 

To 

Table 11 (Composition i n  weight  p e r c e n t )  

Sample No, S i  A1 Fe Mg Ca Na K 0 

6 34.8 6.5 3.6 1.3 1.8 1.0 1.9 49.3 

11 29.0 4.8 9.7 6.5 3.0 0.7 1.0 45.2 

Sample 6 i s  t h e  average composition of s i x t y  t e k t i t e  

Sample 11 ana lyses  compiled and .2ubl i shed  by Barnes (5) .  

i s  a less s i l i c e o u s ,  less aluminous composition con ta in ing  

more i r o n  and magnesium than  Sample 6 ( i n  o the r  words, 

a more b a s i c  composition). 

A ser ies  of decay s p e c t r a  a r e  given f o r  Sample 6 i n  

F igu res  79, 80, and 81. F o r  comparison, a spectrum of 
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sample 11 i s  given i n  Figure 82- 

A128peak i n  Figure 79. 

nex t  f i g u r e ,  but i n  Figure 81 it has d isappeared  completely,  

. k a v i n g  only t h e  secondary peak o f  Mn56. Repeat ing t h e  same 

sequence it is possible t o  fo l low t h e  emergence of t h e  longer -  

l i v e d  Ah56 and Na24 peaks f r o m  t h e  background. 

given,  s i n c e  t h e s e  p l o t s  were made on an x-y p l o t t e r .  

F igure  79, w i t h  t=l2m28s, corresponds remarkably we l l  t o  

F igure  29, of t h e  t r a n s p a r e n t  green spheru le ,  w i t h  nt=llm29s. 

Note t h e  i n i t i a l  high 

Its decay can be fol lowed i n  t h e  

No s c a l e  i s  

A 

An e q u a l l y  good 

curve of F igure  

green  spheru le ,  

l ooks  much l i k e  

comparison can be made between t h e  upper 

80, wi th  *t=16m58s and Figure 31, o f  t h e  

w i t h  t=16m13s. Figure 81, w i t h  nt=27m35s, 

Figure 32, w i t h  dt'107.5m. 
n 

The d i f f e r e n c e  

i n A t  between comparable s p e c t r a  i s  i n t e r e s t i n g :  

the A128 peak was r e l a t i v e l y  s t r o n g e r  i n  t h e  sphe ru le ,  and 

a p p a r e n t l y  

t h e  h igh  background a s soc ia t ed  w i t h  t h i s  peak obscured t h e  

Mn56 and Na24 peaks f o r  a l onge r  time. When t h e y  f i n a l l y  

d i d  emerge, however, they  had t h e  same r e l a t i v e  h e i g h t  a s  

i n  t h e  e a r l i e r  spectrum of Sample 6 ( t e k t i t e  composi t ion) .  

T h i s  could i n d i c a t e  two things:  ( a )  r e l a t i v e l y  more A 1  + S i  

i n  t h e  sphe ru le  than  i n  the sample of t e k t i t e  composition 

and (b) a s l i g h t l y  higher  Fe/Mg r a t i o  i n  t h e  sphe ru le  than  

i s  t h e  sample of t e k t i t e  composition, because t h e  2.6-hour 
k 41 rdcrv/c cpc& 

Mn56 appa ren t ly  p e r s i s t e d  f o r  a longer  t i m e A r e l a t i v e  t o  t h e  

15-hour Na24 than  was t h e  case  wi th  t h e  average t e k t i t e  

composition. 
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Figure 82, a spectrum of Standard Sample 11, wi th  

t=26m36s, l o o k s  much d i f f e r e n t  from any of t h e  s p e c t r a  4 
either of average t e k t i t e  o r  t h e  t r a n s p a r e n t  green  

sphe ru le  i n  having a much g r e a t e r  hk56/Na*4 value,  and the re -  

fore  probably a nuch g rea t e r  Fe/Mg value.  

mentioned t h a t  o t h e r  spec t r a  were taken f o r  Sample 11, bu t  

t hese  wexe only p a r t i a l  spec t r a  and n o t  u s e f u l  f o r  corn- 

psrisoo purposes.) 

(It shauld be 

It can be concluded from t h e  foregoing  t h a t  t h e r e  are 

g r e a t  s i m i l a r i t i e s  between the decay c h a r a c t e r i s t i c s  of a 

sample of average t e k t i t e  composition and of t h e  t r a n s p a r e n t  

green spherule. Fur thermore ,  t hcs&: ' spez t r a  had  demonstrable 

d i f f e r e n c e s  from t h e  s i n g l e  spectrum given f o r  t h e  more 

b a s i c  composition o f  Standard Sample 11. Apparently,  then, 

t h e  green spheru le  has a composition s i m i l a r  t o  t h a t  of a 

t e k t i t e  and may be even more s i l i c e o u s  than  t h e  average 

tek t i te .  

t e n t a t i v e  r e f r a c t i v e  index determina t ion  made on t h e  green 

spheru le ,  

These conclusions a r e  i n  agreement wi th  the  

Concerning t h e  problem of d i f f e r e n t i a t i n g  between d i f -  

f e r e n t  types  of spheru les  on t h e  b a s i s  of composition, t h e  

preceding d i scuss ion  has  i l l u s t r a t e d  the  c r i t e r i a  t h a t  may 

be appl ied.  That  t h e  method of nondes t ruc t ive  neutron-  

a c t i v a t i o n  a n a l y s i s  i s  a u s e f u l  t o o l  i s  shown by t h e  f a c t  

t h a t  t h e  spheru le  s t i l l  e x i s t s  and can be used f o r  o t h e r  

t ypes  o f  i n v e s t i g a t i o n s ,  On t h e  o the r  hand, t h e  method is  
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n o t  a p e r f e c t  answer t o  a d i f f i c u l t  problem, 

t o  the  ca ta logue ,  i t  can be seen  t h a t  most of the n a t u r a l  

sphe ru le s  gave only the peaks, which suggest t h a t  

they c o n s i s t  predominan.tly of i r o n  o r  i r o n  oxide,  

by t h i s  method there is no way t o  d i f f e r e n t i a t e  them from 

i r o n  spherules of a r t i f i c i a l  o r i g i n ,  That  such  a r t i f i c i a l  

spherules  a r e  common can be seen by r e fe rence  t o  t h e  

s p e c t r a  of welding beads PJI3 1 - LVB 4 i n  the catalogue,  

Some of the welding beads had peaks o t h e r  than  hh56. 

Refe r r ing  

Thus,  

The most prominent of these was an u n i d e n t i f i e d  one 

around channel  11 i n  the  s p e c t r a ,  Since t h i s  peak was 

n o t  always p re sen t  it could n o t  be relied upon, however. 

T h i s  l e a v e s  a ques t ion  as t o  whether  o r  n o t  the  spherules 

c o l l e c t e d  i n  plankton ne t s  (PN 1 - PN 7) and spherules  

collected on t h e  modern ocean f l o o r  (BT 1 and BT 2) a r e  

n a t u r a l  or a r t i f i c i a l  in or ig in .  

ques t ion  because t h e  plankton n e t s ,  i n  p a r t i c u l a r ,  seem 

t o  be ab le  t o  supply l a rge  numbers of t h e  l a rge r - s i zed  

spheru les ,  and i n  add i t ion  they  have no b i a s  toward 

magnetic spheru les ,  

Th i s  is  an important  

There is  a p o s s i b i l i t y  of r e s o l v i n g  the ques t ion  by 

r e s o r t i n g  t o  longer  i r r a d i a t i o n s .  These would produce 

l a r g e r  f r a c t i o n s  of the  longer - l ived  n u c l i d e s  which 

do n o t  appear  i n  not iceable  amounts du r ing  a th i r ty-  

second i r r a d i a t i o n ,  Severa l  possible r e a c t i o n s  of this 
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type  a r e  l i s t e d  i n  Table 111. 

Table 111 ( D a t a  from Ross and Bai ley)  

I so tope  (Barns) Abundance of 
React ion Thermal F a s t  ‘t?/z Stab le  Isotope(%) 

C U ~ ~ ( ~ , X ) C U @  4,1 12.8hr 6 9 , l  

Gamma 
Decay(Mev) 

1,35 

1.53, 0.32 

0,26, 0.68 

U n t i l  t h i s  p o s s i b i l i t y  can be i n v e s t i g a t e d  t h e  ques t ion  

of n a t u r a l  vs a r t i f i c i a l  o r i g i n  of a nodern spheru le  w i l l  

remain i n  doubt,  and only d a t a  obtained from anc ien t  

sphe ru le s  such as t h o s e  from f low-in muds can be considered 

r e l e v a n t ,  These d a t a  i n d i c a t e  t h a t  among t h e  fo l lowing  

f i v e  most abundant rock-forming elements ,  S i ,  Al, Fe, Mg 

and Na, t h e  ma jo r i ty  o f  spheru les  of n a t u r a l  o r i g i n  

con ta in  only  Fe. 

connect ion t o  compare the  ana lyses  r epor t ed  here  wi th  

neu t ron -ac t iva t ion  analyses  o f  n a t u r a l  sphe ru le s  from 

o t h e r  sources  such a s  volcanoes,  anc ien t  i c e ,  and 

a n c i e n t  t e r r e s t r i a l  sediments. It is hoped t h a t  t h i s  w i l l  

be p o s s i b l e  i n  t h e  f u t u r e ,  and t h a t  a more complete catalogue 

of spheru le  s p e c t r a  w i l l  r e s u l t .  

It would be of g r e a t  i n t e r e s t  i n  t h i s  

D i f f i c u l t i e s  w i t h  the nondes t ruc t ive  neu t ron -ac t iva t ion  

method have been mentioned e a r l i e r .  One of t h e s e  i s  t h e  

coincidence of peaks from d i f f e r e n t  nuc l ides ,  such a s  t h a t  
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of t h e  primary peak of A12* and t h e  secondary peak of Mn56, 

which both occur around 1.80 M e V ,  In most such cases  t h e  

r e s u l t s  obtained have no t  s u f f e r e d  from t h i s  d i f f i c u l t y  

because t h e  co inc iden t  peaks have d i f f e r e n t  h a l f - l i v e s ,  

and t h e  method of successive shor t -per iod  count ing used 

i n  t h i s  work has shown c l e a r l y  which p a r t  of t h e  decay 

curve was due t o  each peak. 

The o the r  main d i f f i c u l t y  i s  t h e  product ion of t h e  

same daughter  nuc l ide  f r o m  two d i f f e r e n t  pa ren t  nuc l ides ,  

An example of t h i s  i s  the  product ion of A12* from both  

Si2* 

t h a t  advantage can be taken of t h e  f a c t  t h a t  t h e  S i28  

r e a c t i o n  i s  produced by f a s t  neut rons  and t h e  Ai27 

r e a c t i o n  by thermal  neutrons,  

t r i e d  t o  o b t a i n  i r r ad ia t ion -ene rgy  s p e c t r a  of l imi t ed  range 

i n  order t o  favor  one of t h e  converging r e a c t i o n s  over 

t h e  o t h e r ,  The f i r s t  method t r i e d  was i r r a d i a t i o n  i n  

t h e  thermal  column, under cond i t ions  where t h e  f a s t -  

neutron f l u x  was extremely d i f f u s e .  I n  t h i s  work t h e  

samples were i r r a d i a t e d  f o u r  f e e t  i n s i d e  t h e  r e a c t o r  

face,  where even t h e  thermal-neutron f l u x  d e n s i t y  w a s  

r a t h e r  low. Due t o  small  sample s i z e  only n e g l i g i b l e  

a c t i v i t y  was obtained,  even a f t e r  th i r ty-minute  ir- 

r a d i a t i o n s ,  Recent ly  t h i s  f a c i l i t y  h a s  been redesigned 

and changed t o  permit  e a s i e r  access  t o  p o s i t i o n s  i n  t h e  

#127 (See Table I ) ,  I n  such cases  it i s  hoped 

Three methods have been 
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thermal  column c l o s e r  t o  t h e  core,  and f u t u r e  work 

may show b e t t e r  r e s u l t s .  

The second method tr ied was s h i e l d i n g  from thermal  

neutrons by surrounding the  sample wi th  Cadmium s h e e t  

.064" t h i ck .  This  produced a r educ t ion  i n  t o t a l  f l u x  

s e n s i t y  t o  a p o i n t  where t h e  s m a l l  sample s i z e  became 

c r i t i c a l .  It i s  poss ib le ,  however, t h a t  t h e  method would 

work b e t t e r  i f  t h e  sh ie lded  sample were i r r a d i a t e d  i n  a 

v e r t i c a l  tube inside t h e  core,  i n s t e a d  o f  i n  t h e  r a b b i t  

tube o u t s i d e  t h e  core.  Thds should be t r i e d  i n  f u t u r e  

work. 

The t h i r d  method t r i e d  was  i r r a d i a t i o n  of  t h e  sample 

i n  t h e  v e r t i c a l  tube f a c i l i t y  a t  varying d i s t a n c e s  from 

t h e  core,  so  t h a t  t h e  sample received varying r e l a t i v e  

amounts of moderated neutrons and f a s t  neutrons.  I n  

this survey t h e  goa l  was t o  f i n d  e f f e c t i v e  th re sho ld  

d i s t a n c e s  from t h e  core  beyond which a p a r t i c u l a r  f a s t -  

neutron r e a c t i o n  became unimportant. The mass o f  d a t a  

obtained i n  t h i s  survey has no t  y e t  been completely 

reduced, b u t  t h i s  may be t h e  most  promising method y e t  

t r ied.  

A summary of r e s u l t s  of t hese  methods w i l l  be 

presented  i n  t h e  next  r epor t ,  which w i l l  a l s o  con ta in  

a s e r i e s  of photographs of t h e  ppheru2es analyzed, w i th  

some photographs of pol ished sec t ions .  
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A paper t i t l e d  l1 Nonde s t r u c  t i v e  Neutron- Act iva t ion  

Analysis  of Microscopic Spherules,Il based on t h i s  work, 

w i l l  be presented a t  t h e  forthcoming Conference on 

Cosmic Dust t o  be he ld  November 21 and 22, 1963. This  

Conference i s  being sponsored by t h e  New York Academy 

of Sciences,  and i s  being organized by t h e  author of 

t h i s  r e p o r t ,  who w i l l  be conference chairman. 

Some of t h e  spheru les  c o l l e c t e d  i n  the course of t h i s  

NASA-sponsored p r o j e c t  have been sen t  t o  P ro fes so r  

R. Castaing f o r  a n a l y s i s  w i th  h i s  newly developed 

secondary ion-emission mass spectrograph.  I f  h i s  r e s u l t s  

a r e  a v a i l a b l e  i n  time they w i l l  be r epor t ed  a t  t h e  

Conference on Cosmic Dust. 

This i s  t h e  f i r s t  r e p o r t  i n  depth t o  be submit ted 

on t h e  p r e s e n t  NASA-sponsored work, b u t  it i s  f e l t  t h a t  

i t s  value i s  g r e a t e r  than i f  r e p o r t s  of completed 

r e s e a r c h  had been presented i n  small  increments.  

p r e s e n t  form, a good perspec t ive  on t h e  problem can be 

I n  i t s  

gained. 

Gra t e fu l  acknowledgement t o  t h e  Nat ional  Aeronaut ics  and 

Space Adminis t ra t ion i s  given here  f o r  t h e  oppor tuni ty  

t o  pursue t h i s  l i n e  o f  i n v e s t i g a t i o n  t o  i t s  p r e s e n t  s t a g e  

o f  development. 

Respec t fu l ly  submitted,  

WAC: vg j 

William A. Cassidy 
( P r i n c i p a l  I n v e s t i g a t p r  ) 
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